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Abstract Spectroscopic studies of the biologically active
compound 2-(4-fluorophenylamino)-5-(2,4-dihydroxyben-
zeno)-1,3,4-thiadiazole (FABT), have been performed.
Absorption studies in the UV-Vis region for FABT in polar
solvents, like water or ethanol, exhibit the domination of
the enol form over its keto counterpart, with a broad
absorption band centered around 340 nm. In non-polar
solvents such as n-heptane or heavier alkanes the 340 nm
absorption band disappears and an increase of the band
related to the keto form (approximately 270 nm) is
observed. Fluorescence spectra (with 270 nm and 340 nm
excitation energies used) show a similar dependence: for
FABT in 2-propanol a peak at about 400 nm dominates
over that at 330 nm while in n-heptane this relation is
reversed. The solvent dependent equilibrium between the
keto and enol forms is further confirmed by FTIR and
Raman spectroscopies. As can be expected, this equilibrium
also shows some temperature dependences. We note that
the changes between the two tautomeric forms of FABT are
not related to the permanent dipole moment of the solvent
but rather to its dipole polarizability.
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Introduction
The keto/enol equilibrium as a function of different solvents
and temperature has been the subject of many theoretical
and experimental studies [1–4]. Molecules displaying
intramolecular hydrogen bonding between proton donor
groups such as −OH or −NH and proton acceptor groups
such as =N- or C=O are of a growing interest [5, 6]. They
are used as chelating agents, polymer UV stabilizers [7],
laser dyes [8], biological and medical agents [9, 10], and
potentially as molecular switches and molecular memories
[11]. The keto-enol equilibrium is a characteristic property
of such heterocyclic systems [12] and is known to be
sensitive to solvent effects and temperature [3, 4, 13, 14].
For these kinds of molecules with possible intramolecular
hydrogen bonding it is accepted that the more polarized
keto form dominates in polar solvents while the less
polarized enol form dominates in non-polar or slightly
polar solvents [3, 15]. In some Schiff bases this effect is
different, with the more polarized keto form dominating in
non-polar solvents [16, 17]. Such keto/enol equilibrium was
observed by means of fluorescence spectroscopy also in 9-
anthrole [18] and similar compounds.
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DOI 10.1007/s10895-010-0682-5In this study we present experimental work on the 2-(4-
fluorophenylamino)-5-(2,4-dihydroxybenzeno)-1,3,4-thia-
diazole (FABT), see Fig. 1 [19]. This molecule is able to
form an intramolecular hydrogen bond between the −OH
and =N-N= groups [17], see Fig. 1. Electronic absorption
and fluorescence, FTIR and Raman spectra were recorded
in several solvents, both polar and non-polar, from water
and alcohols up to heavier alkanes. The presence of
solvents modifies the electronic spectra both in absorption
and fluorescence. For non-polar solvents with high polar-
izability such as n-heptane, the electronic absorption spectra
display a clear band at 273 nm, related to the keto form.
The band centered at 340 nm, related to the enol form, is
too weak to be observed in absorption spectra but is clearly
visible in fluorescence spectra.
The spectral effects are usually correlated to the static
(zero-frequency) dielectric constant ε and/or to the index of
refraction n at optical frequencies [20, 21]. Presently, we
show that the spectral changes in the absorption spectra
depend more on the average electric dipole polarizability
of the solvent than on the Kirkwood ratio of the dielectric
constant (ε−1)/(2ε+1) or the Lorenz–Lorentz electronic
polarizability (n
2−1)/(n
2+2) of the solvent [13, 22].
Materials and methods
Materials
The 2-(4-fluorophenylamino)-5-(2,4-dihydroxybenzeno)-
1,3,4-thiadiazole (FABT) [10] with molecular weight of
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Fig. 1 Chemical structures of FABT (a enol, b ionized c keto)
Fig. 2 Electronic absorption spectra of FABT dissolved in 2-propanol
(dotted line) and n-heptane (solid line). The molar concentration of the
compounds was: c=3.2×10
−3 M in n-heptane and c=2.2×10
−5 Mi n
2-propanol. The values of the molar extinction coefficient for FABT in
several organic solvents are presented in Table 1
Table 1 Values of the molar extinction coefficients for FABT in
selected solvents of the present study
Solvents 1 [nm] ε(ν) [cm
−1M
−1]
DMSO 340 58181
2-propanol 342 19081
methanol 338 25078
ethanol 339 23548
acetonitrile 339 27433
acetone 340 22812
1-butanol 342 33128
n-heptane 273 96
undecane 273 61
pentane 273 149
cyclohexane 273 95
Fig. 3 Normalized electronic absorption spectra of FABT dissolved in
different solvents
2 J Fluoresc (2011) 21:1–10303,31 g/mol used in this study (see Fig. 1a)w a s
synthesized in the Department of Chemistry of the
University of Life Sciences in Lublin; details of the
procedure are described elsewhere [19]. The structure of
the FABT is presented in the Cambridge Crystallographic
Data Centre with entries: CCDC 768785–768787.
The compounds were purified by means of HPLC (YMC
C-30 column with a length of 250 mm and an internal
diameter of 4.6 mm). The solvent mixture of acetonitrile:
CH3OH:H2O (72:8:3 by volume) was applied as a moving
phase. The FABT was recrystallised from 96% methanol
directly before use. In order to remove residuals of solvents
(after evaporation in an N2 atmosphere), the samples were
placed in a vacuum for 1.5 h. All solvents were purchased
from Sigma-Aldrich Co.
Methods
Electronic absorption spectra of FABTwere recorded with a
double-beam UV-Vis spectrophotometer Cary 300 Bio from
Varian equipped with a thermostated cuvette holder with a
6×6 multicell Peltier block. Temperature was controlled
with a thermocouple probe (Cary Series II from Varian)
placed directly into the sample.
Fluorescence excitation and emission spectra were
recorded with a Cary Eclipse spectrofluorometer from
Varian. Fluorescence spectra were recorded with 0.5 nm
resolution and corrected for the lamp and photomultiplier
spectral characteristics. The excitation and emission slits
were set to 2 nm.
Measurements of ATR-FTIR background corrected
spectra were carried out on the solvents using a HATR
Ge trough (45° cut, yielding ten internal reflections
element) crystal plate for liquids, and were recorded with
a 670-IR spectrometer from Varian. Typically, 25 scans
were collected, Fourier-transformed and averaged for
each measurement. Absorption spectra at a resolution of
one data point per 1 cm
−1 were obtained in the region
between 4,000 cm
−1 and 400 cm
−1.T h ei n s t r u m e n tw a s
continuously purged with an argon for 40 min before and
during measurements. The Ge crystal was cleaned with
ultra pure organic solvents from Sigma-Aldrich Co. All
experiments were carried out at 20 °C. Spectral analysis
was performed with Grams/AI 8.0 software from Thermo
Electron Corporation.
Raman scattering spectra from the liquid samples
placed onto a quartz plate (the same conditions as in
FTIR experiments) were recorded with the in Via Reflex
Raman Microscope from Renishaw (UK), equipped with
two holographic ultrahigh precision diffraction grating
stages and a high sensitivity ultralow noise CCD
detector. A 514.5 nm Ar
+ ion laser was used to record
Raman scattering. The spectra were accumulated within a
10 s integration time. Spectral analysis was performed
Table 2 Position of maxima in absorption spectra compared to the average dipole molecular polarizability [22], dielectric constant ε, index of
refraction n, dipole moment μ [22] of the solvents. The solvents are ordered following the rising value of the polarizability
FABT Solvents 1 [nm] Polarizability ε n μ
enol keto [in Units of 10
−24cm
3] [Debye]
Polar 1 H2O 330 – 1.45 80.1 1.3333 1.855
2 Methanol 338 – 3.29 33 1.3265 1.700
3 Acetonitrile 339 – 4.40 36.64 1.3416 3.925
4 Ethanol 339 – 5.41 25.3 1.3594 1.690
5 Aceton 341 – 6.33 21 1.3587 2.880
6 DMSO 340 – 7.30 47.24 1.4773 3.960
7 2-propanol 342 – 7.61 20.18 1.3772 1.580
8 Chloroform 339 – 9.50 4.81 1.4429 1.040
Non-polar 9 Pentane – 273 9.99 1.84 1.3575 0.130
10 Benzene 342 – 10.00 2.28 1.5011 0
11 Cyclohexane 340 273 11.00 2.02 1.4262 0
12 Tetrachlorometane 340 274 11.30 2.24 1.4631 0
13 n-hexane – 273 11.90 1.89 1.3723 0
14 n-heptane – 273 13.60 1.92 1.3876 0
15 Octane – 281 15.90 1.948 1.3947 0
16 Undekane – 280 21.03 1.997 1.4147 0
17 Dodekane – 282 22.75 2.012 1.4186 0
J Fluoresc (2011) 21:1–10 3with Grams/AI 8.0 software from the Thermo Electron
Corporation.
Results and discussion
Figure 2 presents electronic absorption spectra in the range
between 240–450 nm for the FABT compound in 2-
propanol and n-heptane. The absorption spectrum in 2-
propanol is dominated by a peak extending from 310 nm to
370 nm and a shoulder at lower wavelengths. In n-heptane
the 310–370 nm band is absent and a peak appears at
273 nm. The molar extinction coefficient is lower in n-
heptane than in 2-propanol by a factor of 200. Detailed
molar extinction coefficients for selected solvents used in
the present research are shown in Table 1.
Figure 3 shows normalized spectra for selected
solvents—three polar (water, ethanol and 2-propanol)
and two non-polar (n-heptane and CCl4). Two distinct
effects can be observed. First, in the series of polar
solvents we observe a broad band centered around 340 nm
with the same (normalized) intensity and the same shape.
The 340 nm maximum shows a slight (by a few nm) red-
shift with lowering of the dipole moment (or rising dipole
polarizability,s e eT a b l e2)o ft h es o l v e n t .
Second, for non-polar (and high polarizability) sol-
vents a new band centered around 273 nm appears. The
340 nm band is still present in tetrachloromethane
indicating a changing equilibrium between the two forms
of FABT. The 340 nm band in absorption spectra
disappears in solvents with high polarizability. A similar
effect was observed by Yan et al. in 3-hydroxy-2-
mercaptopiridine: on changing the solvent from ethanol
to n-hexane the absorption band flips from 340 nm to
273 nm. However, the authors did not discuss the effects
of the solvent in detail [23].
The location of the absorption band at 273 nm and
relatively low values of the molar extinction coefficient
(∼100 cm
−1 M
−1), according to well established standards
(see for ex. [24]), mark the n→π* electronic transition in
the C=O group. This would indicate an internal proton
transfer from the −OH group in the orto position to the
nitrogen in the thiadiazole ring and the formation of the
keto form of FABT, compare Fig. 1a and c. Similar,
solvent-related effects were observed experimentally for
numerous systems, see for ex. ref. [15–18].
The two competing enol and keto forms are also
observed in fluorescence spectra of FABT in different
solvents. Figure 4 shows the fluorescence emission spectra
of FABT in 2-propanol (Panel a) and in n-heptane (Panel
b). In 2-propanol, we observed a dual emission (Ex.
273 nm) related to the keto and the enol forms. Due to
the small quantum yield of carbonyl group [21], the
intensity of the band at 321 nm has to be a multiplied by
factor of 20 in order to become visible. After excitation at
340 nm we observed an emission band centered at 402 nm,
characteristic for the enol form. In n-heptane for the same
excitations we observed an emission centered at 330 nm
characteristic for the keto form and a fluorescence band
characteristic for the enol form centered at 405 nm
(intensity multiplies by a factor of 10). Strong relative
differences in the proportions between bands in the two
solvents must correspond to the changing equilibrium
between the keto and enol FABT forms.
To better understand the mechanism of the enol→keto
transition we studied the absorption spectra for as many as
17 different solvents, both polar and non-polar (see detailed
listing in Table 2 and Fig. 5 caption) and the temperature
dependencies of the absorption bands, see Fig. 6.
Fig. 4 Fluorescence emission spectra of FABT in 2-propanol (Panel
a) and in n-heptane (Panel b). The excitation of both samples was
273 nm and 340 nm. Double emission is observed in 2-propanol (Ex.
273 nm) related to the keto (band centered at 321 nm, intensity
multiplies by a factor of 20) and enol (band centered at 402 nm, dotted
line) forms. After excitation at 340 nm we observed an emission band
centered at 402 nm characteristic for the enol form (solid line). In n-
heptane for the same excitations we observed an emission band
centered at 330 nm characteristic for the keto form and a fluorescence
band characteristic for the enol form (band centered at 405 nm,
intensity multiplies by a factor of 10)
4 J Fluoresc (2011) 21:1–10Regardless of chemical effects, shifts in absorption (and
fluorescence) spectra are caused by relaxation of the ground
and excited electronic levels of the optically active center
due to the presence of the surrounding solvent molecules,
see for ex. [21] for detailed discussion. The shifts in
electronic absorption spectra are usually related to the most
strongest, i.e. the electrostatic dipole, interaction with
solvent molecules. As seen from Table 2, the positions of
the two absorption bands in FABT poorly correlate to the
solvent dipole moment. In Fig. 5 we show, instead, three
alternative dependencies of the absorption maxima. In
Fig. 5a we relate the position of the electronic absorption
maxima to the Kirkwood function (ε−1)/(2ε+1) of the
solvent dielectric constant ε. In Fig. 5b we relate the
maxima to the Lorenz–Lorentz electronic polarizability
(n
2−1)/(n
2+2) of the solvents (with n being the optical
refraction constant) [13, 21, 22]. Neither Kirkwood nor
Fig. 6 Electronic absorption spectra of FABT dissolved in n-heptane
(Panel a) and CCl4 (Panel b) in the temperature range between 15–
70 °C. The insets present the ratio between the enol (maximum at
335 nm in n-heptane and 340 nm in CCl4) and keto forms (maximum
at 273 nm in both solvents) dependent on temperature
Fig. 5 Position of the absorption maximum for the FABT (Panels a,
b, c) dependent on the Kirkwood function (ε−1)/(2ε+1) of polarity
(Panel a), the Lorenz–Lorentz electronic polarizability (n
2−1)/(n
2+2)
of the solvents (Panel b)[ 13, 22] and the average electric dipole
polarizabilities (in units of 10
−24 cm
3, Panel c). Numbers refer to the
following solvents: 1—water, 2—methanol, 3—acetonitrile, 4—
ethanol, 5—acetone, 6—DMSO, 7—2-propanol, 8—chloroform, 9—
pentane, 10—benzene, 11—cyclohexane, 12—tetrachloromethane,
13—n-hexane, 14—n-heptane, 15—n-octane, 16—undecane, 17—
dodecane. See text for further explanations. Experimental points were
fitted with linear regression for the two electronic transitions,
respectively (Panel c). Juxtaposition of all parameters is presented in
Table 2. The gray circles indicate polar solvents
J Fluoresc (2011) 21:1–10 5Lorenz–Lorentz functions indicate any clear correlations.
Therefore, in Fig. 5c we plot the position of the absorption
maximum vs. the average electric dipole polarizability α of
the solvent [22]. As seen from that figure, both the red-shift
of the 340 nm absorption as well as the rapid transition to
the 273 nm band correlate quite well with the average
dipole polarizability.
As clearly seen from Fig. 5c, the enol→keto transition
occurs above a certain, say threshold, value of the solvent
polarizability α (about 10×10
−24 cm
3). In solvents with α
at approximately this value we observed both 340 nm and
273 nm absorption peaks, see also the CCl4 spectrum in
Fig. 3. To study in detail the enol-keto equilibrium we
performed absorption measurements of FABT in both n-
heptane and in CCl4 at different temperatures, up to 70 °C,
see Fig. 6. At up to 15 °C the enol band is hardly visible
either in n-heptane or in CCl4 but reappears at higher
temperatures. Furthermore, this effect shows some hyster-
Fig. 7 ATR-FTIR absorption
spectra of FABT dissolved in
n-heptane (Panel a), CCl4 (Panel
b), cyclohexane (Panel c) and
methanol (Panel d). Measure-
ments were carried out on the
solvents using a trough HATR
Ge crystal plate for liquids
6 J Fluoresc (2011) 21:1–10esis, see inserts in Fig. 6. Clearly, the equilibrium between
the enol and keto forms of FABT depends on the
temperature, as observed also for other similar systems
[14, 25, 26]. In polar solvents such as ethanol and
methanol, the equilibrium for FABT is strongly shifted to
the enol form and the temperature effect was below our
detection level as a result.
In order to more deeply understand the solvent effect on
the keto enol transformation (particularly the formation of
the carbonyl group, see Fig. 1c) FTIR spectroscopy was
applied [15]. Figure 7 presents the ATR-FTIR spectra of the
FABT samples dissolved in several solvents (for details see
caption of the Fig. 8). Frequencies of FTIR and Raman (see
Fig. 10) spectra assigned to specific vibration nodes are
presented in Table 3. As can be seen in the spectral region
between1,680 cm
−1 and 1,760 cm
−1, the band increases with
t h ep e a kc e n t e r e da t1 , 7 3 9c m
−1. This band can be assigned
to the valence vibrations of C=O in the keto form of the
compound [27]. Because of the keto-enol equilibrium, small
amounts of the keto form should also exist in polar solvents,
see Figs. 7 and 9. Therefore stretching C=O vibrations are
observed in all measured solvents but at different frequencies
Fig. 8 The ratio of absorbance A1/A2 (1—absorbance maximum from
region between 1,710–1,716 cm
−1,2 —absorbance maximum from
region between 1,720–1,742 cm
−1) of FABT dependent on the average
electric dipole polarizabilities (in units of 10
−24 cm
3). Numbers refer
to the following solvents: 1—methanol, 2—acetonitrile, 3—ethanol,
4—ethanol (pure from water) 5—DMSO, 6—2-propanol, 7—butanol,
8—chloroform, 9—pentane, 10—benzene, 11—cyclohexane, 12—
tetrachloromethane, 13—toluene, 14—n-hexane, 15—n-heptane, 16—
xylene, 17—dodecane. See text for further explanations. Grey circles
indicates polar solvents
Table 3 The position of FTIR and Raman vibrations. The asterisk symbol denotes both the solvent and molecule band
FTIR Raman Vibration
Band position [cm
−1]
n-heptane tetrachloro–methane Cyclohexane methanol n-heptane methanol
–– – 3356* –– ν (O-H)
–– – 3217 –– ν (N-H)
–– – 3065 –– νs+as (C-H)
2958* 2960 2952 2960 ––
2918* 2924 2926* 2918 ––
2851* 2853 2852* 2849 ––
1739 1737 1733 1712 1733 1738 ν (C=O)
– 1631 1629 1629 1605 1638 ν (C=N)
– 1597 1595 1591 – 1617
–– – – –1529
1517 1519 1513 – 1512 ν (C=C)
1492 1492 1489
1466* 1462 1450* 1452* 1462* 1467* δ (C-H) + ν (C=C)
–– – – 1420 1421
1379* 1376 1377 –– –ν (C-N) in C=N-C δ (C-H)
1363 1362 –– 1362 –
1311 1309 1306 1332 1333 1316 ν (C-O)
–– 1267* 1268 1297* 1298 δ (N-H) + ν (C-N)
1212* 1213* 1233 1230 1260 1227
1188 1191 1130 1172 1204 – δ (C-C) in C-(C=O)-C
1159* 1158 – 1137 1159* 1165
–– – 1112* 1107 1107 ν (C-N)
1082* 1083 1100 –– –ν (C-F)
–– 1040* 1019* 1065 1063*
ν valence vibration, δ deformation, s symmetric, as asymmetric
J Fluoresc (2011) 21:1–10 7(corresponding to the solvent effect) and absorbance relative
to the concentration of the keto form.
Similar to the effect presented in Fig. 5, the position of
the C=O vibration is shifted towards higher frequency
values in solvents with growing polarizability. As can be
seen in Fig. 8, the absorbance ratio 1,715/1,739 cm
−1
characteristic for the position of the carbonyl group in
different solvents strongly depends on the polarizability of
the solvent. This effect is probably related to the hydrogen
bond between C=O
…H-N in polar solvents (lower band
frequencies) while for solvents of high polarizability (and
non-polar) the carbonyl group is free (not hydrogen
bonded). This can be explained by the rotation of the
resorcinol ring with respect to the thiadiazole ring as was
observed in X-ray studies [28].
We do not exclude aggregation effects in the cases of
the keto and enol forms either. A band corresponding to
C=O vibrations (centered at 1,733 cm
−1) was also
observed in pre-resonance Raman spectroscopy (Ex.
514 nm), as can be seen in the spectrum shown in
Fig. 10. For the samples dissolved in methanol, this band
was not clearly observed. Figure 7d shows two sharp
bands with maxima at 1,629 cm
−1 and 1,591 cm
−1,t y p i c a l
for stretching vibrations of the C=N groups (vibration is
also present in the Raman spectrum at 1,605 cm
−1,s e e
Fig. 10). The band centered at 1,513 cm
−1 is related to the
skeletal stretching vibrations of the C=C group in the
aromatic ring [12]. The spectrum with an absorption band
Fig. 9 Normalized ATR-FTIR spectra performed for different ratios
of n-heptane/2-propanol. The inset in this figure shows the ratio of
1,715/1,738 cm
−1 related to the C=O group
Fig. 10 Pre-resonance Raman
spectra (Ex. 514 nm) of FABT
dissolved in n-heptane (Panel a)
and methanol (Panel b)
8 J Fluoresc (2011) 21:1–10at 1,230 cm
−1 of FABT (Panel d) related to C-NH is due
to the interaction between the N-H deformation and the
C-N valence vibrations. The band centered around
1,450 cm
−1 is characteristic for the bending vibrations of
the C-H group.
Figure 9 presents the FTIR spectra performed for
different ratios of n-heptane/2-propanol: the keto-enol
equilibrium strongly depends on the solvents composition.
The inset in this figure shows that for the ratio 7/3,
domination of the band centered at 1,738 cm
−1 related to
the free carbonyl group is observed (as mentioned above).
We deduce from additional pH-metric measurements
(not shown here) that in polar solvents (low polarizability)
the FABT molecule is deprotonated (-OH group in the orto
position, pK=8.6, see Fig. 1b). In solvents with high
polarizability (and zero or low dipole moment) the
equilibrium is influenced only by the induced dipole
moment of the solvent.
The very dependence of the enol→keto transition on the
solvent polarizability remains somewhat surprising. The
physical meaning of the polarizability is a deformation of
the molecule’s electronic configuration which adjusts to a
variable external electric field. Studies of electronic
excitations by electron scattering are curently the most
accurate way of determining molecular polarizabilities [29].
The possible importance of polarizability in the observed
intramolecular proton transfer effects is probably related to
the short range of this interaction. By a broad analogy, we
note that polarization effects induce high cross sections in
positron (i.e. positive-charge electron) collisions with
organic molecules, in the limit of zero collision energies
[30, 31].
Conclusions
Electronic absorption spectra of FABT exhibit a dual
feature: in solvents with low polarizability (and indepen-
dently of the polar or non-polar character of the solvent)
they show a domination of the absorption band around
330–340 nm. In solvents with high polarizability such as
n-heptane (dipole moment equal to zero), we observe a
strong increase of the band in the range of 260–280 nm.
FTIR and Raman spectra confirm that this change is due
to the transformation from the enol to keto form in such
solvents. In some way, the solvent intermediates in the
keto/enol equilibrium and thus in the intramolecular
proton transfer. We note that often, in discussions of
solvent effects, polar and non-polar solvents are com-
pared and the shifts in absorption spectra are related to
the dipole moment of the solvent. In this case the shift
was not related to the solvent polarity [17]b u tr a t h e rt o
its polarizability.
We additionally show that the equilibrium between the
enol and keto forms of FABT depends on the temperature
showing some hysteresis effects.
We emphasize that the formation of 1,3,4-thiadiazoles in
the keto form may only be interesting not theoretically, but
also be of a great practical importance related to the
formation of more biologically active pharmaceutics, able
to interact more efficiently with cell membranes [32]. From
the analogy of the n-alkane solvents to the alkyl part of the
lipids, one can expect that the transformation of the 1,3,4-
thiadiazoles to the keto form may be possible in the
hydrophobic zone of the lipid membrane. The analysis of
the molecular organization in organic solvents may provide
significant insights into the potential pharmacological
application of the 1,3,4-thiadiazole compounds.
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